The question of the acid-base factor in the etiology and pathogenesis of rickets is one that has long excited interest. The experimental results have, however, been conflicting and the controversial discussions have failed to clarify the situa tion. Summaries of the earlier work have been given by Shelling ('25) , Hess ('29) , GyÃ ¶rgy ('29) and Goldblatt ('31) and in our earlier papers (Shohl et al., '28, Shohl et al., '32) .
That rickets is associated with an acid metabolism and tetany with an alkaline, has been strongly advocated by Freudenberg and GyÃ ¶rgy ('22) . The role of acidosis in the pathogenesis of rickets has recently been reviewed by Morris, Ford and Graham ( '36) who could find no evidence that acidosis was "either a causal or associated factor in infantile rickets."
The acid-base equilibrium of the blood shows little or no variation from the normal in either clinical rickets or infantile tetany, or, except in special cases, in experimental rickets (Shohl et al., '31) . Therefore, efforts to show changes in metabolism have been directed toward studies of the ex cretion of acid and ammonia in the urine.
With regard to the effect of ingestion of acid our previous experiments have tended to confirm GyÃ ¶rgy's thesis, with the reservation that, in the absence of vitamin D, the acidbase factor is secondary to alteration of the calcium-phos phorus intake. Obviously the acid-base content of the diet cannot be important clinically because the diet of infants, milk, is alkaline. Further, the acid-base effects could be shown experimentally in border line diets only. Third, it was evi dent that the acid-base effects were not direct but were com plicated by the separate effects upon absorption and metabo lism. This last conclusion was based upon the following observa tions and reasoning.
In rachitic tetany acid tends toward amelioration and alkali intensifies the condition. However, when acid, neutral and alkaline phosphates were given to rachitic rats, not the alkaline diets but the neutral ones pro duced the most severe tetany. From this we concluded that the total effect must be the resultant of two processes : 1) acid increased the absorption of Ca and P; alkali prevented it, 2) in metabolism after absorption, acid removed Ca and P from the body and alkali favored their deposition in the bones.
Hamilton and Schwartz ('33) have extended this thesis by a clever method of separating the two factors. They added (NH4)2C03 and NH4C1 to 'normal' diets which were thus rendered alkaline in the intestinal tract and acid in metabo lism. This alteration sufficed to make the diets rickets pro ducing. It follows that a reversal of the factors should cause an opposite physiological effect. Thus, with diets which were acid in reaction but had an alkaline ash, namely with the ad dition of tartaric acid and sodium tartrate to diets which otherwise caused rickets, no rickets resulted.
Their results are shortly to be published in detail.
Because the tartrates are too toxic to be used clinically it seemed desirable to extend this study to other organic acids. Further, we have recently shown (Brown et al., '32; Querido, '35; Shohl, '36 ) that when both the absolute amounts and the ratios of Ca and P are considered, rickets can be produced with many types of diets other than the classical high calciumlow phosphorus diets. Therefore, it was necessary to investi gate whether the same acid-base effects would be obtained in conjunction with different types of diet. It should then be possible to determine whether the acid-base alternations alone can be responsible for the etiology and also the cure of rickets in rats.
PLAN OP EXPERIMENT
Young albino rats were reared in our laboratory from Wistar Institute stock. The mothers were fed Sherman diet B (66% entire wheat flour, 33% dried whole milk, 1.3% NaCl) throughout pregnancy and lactation. The young were weaned to the same diet at 21 days. At 28 days of age, when weigh ing 45 to 55 gm., they were changed to the experimental diets and kept in groups of three in wide meshed cages without any bedding. They were fed these diets and distilled water. They were weighed weekly. After 21 days they were x-rayed, bled under light ether anesthesia, and autopsied. The bones of one hind leg were preserved for histological examination and those of the other carefully dissected, weighed, and the femur used for ash determination of the alcohol-ether ex tracted dry bones. The Ca and P of the serum were deter mined by the methods of Fiske and Logan ('31), and Fiske and Subbarow ('25), respectively.
The individual x-rays were read and at the end of the experiment all the roentgenograms were compared and the original diagnoses checked and verified. The histological examinations and diagnoses there from were made without knowledge of the diets employed or the x-ray findings, through the kind cooperation of Dr. S. B. Wolbach.
As in our previous experiments, the two methods of diag nosis were in such close agreement that the results will not be differentiated in the following report.
The experimental diets consisted of 80% ground corn, 20% gluten flour and 1% NaCl, with additions of CaC03 and KH2P04 to give the desired levels and ratios of Ca and P, as has been fully described in our previous paper (Shohl, '36) . Diets containing any of these ratios were rickets pro ducing provided the absolute amounts of Ca and P were low, but were non-rachitogenic if the levels were high. The border line between rachitogenic and non-rachitogenic diets is shown in figure 1 . The salt additions were made equivalent by computing them in terms of cubic centimeters of normal solu tions per 100 gm. of diet, and were added as dry salts to the dry diet, and fed ad libitum. In a few cases the food intakes of individual rats were measured. These did not vary from those usually observed on similar diets so the procedure was discontinued. 1) Rickets production. (NH4)2C03 and NH4C1 Tig. 1 Effect of alterations in the diet upon rickets production and rickets prevention.
The abscissa and ordinate are laid off logarithmically to represent the diet percentages of P and Ca, respectively, and each point chosen is double that of the previous point.
The curve represents the dividing line between rachitogenie diets on the left and non-rachitogenic diets on the right as described in our previous paper (Shohl, '36) . The shaded area to the left of the line shows the extent of the field of successful rickets prevention with the use of citric acid-sodium citrate mixtures, or intensification of the degree of rickets by (NH4),CO,-NH<C1 mixtures. The shaded area to the right of the line represents that in which non-rachitogenic diets were converted to rachitogenic diets by the use of (NH4),CO,-NH4C1 mixtures, as described in the text. were added to the diets. To test the effect of the component salts they were added separately and in combination in vary ing amounts to diet L (Ca = 0.5%, P = 0.5%) which is nonrachitogenic.
The most effective combination was added to the diets either side of the border line in each of the eight ratio zones as shown in figure 1. 2) Eickets prevention.
A citric-acid-sodium citrate mixture was added to the rachitogenic diet, St (Ca = 1.0%, P = 0.25%), separately and in combination. The mixture which was most effective was added to each of the border line rachitogenic diets. When the effects of these diets had been determined other organic acidsâ€"lactic, acetic, succinic, malic, malonic and tartaric were tested, using only one basal diet, that which most closely approached the classical diet no. 2965 of Steenbock and Black (diet St).
RESULTS

Rickets production.
(NH4)2C03 and NH4C1 were added separately and in combination to diet L as shown in table 1. In making the diet rachitogenic it is evident that the com bination of the salts was more effective than either alone. Of the two the NH4C1 is the more important for the (NH4)2-C03 alone had no effect, but the acid-producing salt alone, if given in sufficient amount, made the diet rachitogenic.
A combination of 600 cc. 0.1 N (NH4)2C03 and 600 cc. 0.1 N NH4C1 was added to rachitogenic and non-rachitogenic border line diets indicated in table 2. Most of the data represent six animals on each diet, run in groups of three so as to afford independent checks. Where the diet originally was rickets producing, the acid intensified the effect in every case, as evidenced by x-ray and histological examination.
Except in the case of diet Y, the bone ash percentages were the same or lower than those of the rats fed the basal diets. Where the diet was one which produced normal bones at or near the border line (i.e., containing double the amounts of Ca and P per given ratio necessary to produce rickets), in every case the addition of (NH4)2C03 + NH4C1 made the diet rachito genic. Where the diet was two stages from the border line (i.e., containing four times the amounts of Ca and P), as in diets Q and 0, the x-rays did not show rickets. However, the bones were thinner and the ash lower. They were con sidered border line cases. In the case of diet Q, with the addition of three times as much acid a definitely osteoporotic bone was produced and the per cent of ash was further lowered without producing definite rickets.
The growth of all the experimental animals, in accordance with our previous experience, was less than normal and varied from no weight increase to 12 gm. for the 21 days. It was impossible to correlate the growth with the presence or absence of rickets.
From the data given in table 1 it is obvious that blood serum values give no clue as to the presence or absence of rickets. However, when the acid-producing salt was the sole addition the calcium was reduced and this effect was intensi fied when the amount of acid was increased. Morgan ('34) observed low calcium with acid diets.
The conclusion follows : acid-producing salts intensify rickets and have a definite but limited effect on the production of rickets. SSÃ-u51Â §5(Ã®*5+â€¢8-5!pq+33
'Sâ€¢8g5|o"-W "Â«'S1ilMiâ€¢sPMceCMÂ«O00 To analyze the action of citrates, variable amounts of sodium citrate and citric acid were added to diet St (Ca = 1.0%, P = 0.25%) separately and in com bination (table 3) . The remarkable effect of citrates in the prevention of rickets was not due to the citrate ion alone, for neither citric acid nor sodium citrate alone gave pro tection, either in the amounts used in combination with the 
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1Diet St which was used is described in the text and in table 2. ' Histologie and x-ray diagnoses. The number of + signs indicates the severity of rickets; â€" indicates the absence of rickets.
1Calcium citrate, where used, replaced an equivalent amount of calcium carbonate.
other, or when the total amount of citrate was given in either form.
The citrate combination which had been found most ef fective, 900 cc. 0.1 N citric acid and 600 cc. 0.1 N sodium citrate, was added to each of the rachitogenic diets close to the border line. Whether high alcium-low phosphorus, low calcium-high phosphorus, or low calcium-low phosphorus, the diets which had previously produced rickets now caused no rachitic lesions, as evidenced by x-ray and histologie studies (table 2). The bone ash showed an increase in six cases and a diminution in two cases. No effort was made to explore the extent of the field of this salt effect, but the diets studied included the classical rickets producing diet. To attain lower phosphorus diets than those used it would have been neces sary to diminish the P more than could be done with the use of corn, and such alterations of the diet would involve P starvation and other problems lying outside the field of this investigation.
The blood serum Ca and P showed no alteration from that of classical low P rickets when the citrate mixtures did not prevent rickets. With intermediate and effective amounts the P tended to rise irregularly and the Ca to be depressed.
The CaC03 present in diet St causes an excess of 430 cc. 0.1 N alkali per 100 gm. of diet. It was desired to test whether the neutralization of the carbonate outside the body was the same as that inside the body. Therefore, a diet was made with an equivalent amount of calcium citrate instead of the carbonate. Various additions of citric acid and sodium citrate were made to this diet as shown in table 3. In no case was the diet effective in preventing rickets until the original values (900 cc. citric acid and 600 cc. sodium citrate) were reached. Neither the acid nor the alkali alone was sufficient to bring about the prevention of rickets; both citric acid and sodium citrate were necessary.
One must conclude that the factors of acid in absorption and alkali in metabolism cooperate in the total effect.
As a further test the curative action of the citrates was investigated.
Eickets was produced by feeding animals diet St for 21 days. They were then fed, in addition, the citric acid-sodium citrate mixture shown above to be effective in the prevention of rickets. As early as 7 days following this addition to the diet, healing was evidenced by x-ray, serum analysis and ash determination.
If the results obtained with citrates were due solely to the acid-base effect on metabolism, it follows that similar effects should be produced with other organic acids and their salts. Accordingly a test was made with diet St using equivalent amounts of tartaric acid and sodium tartrate.
The diet was rendered non-rachitogenic by these additions, as shown in table 4. This confirms the preliminary report of Hamilton, referred to above. However, when other acids, acetic, lactic, 
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'Diet St which was used is described in the text and in table 2. 1Histologie and x-ray diagnoses. The number of + signs indicates the severity of rickets; â€" indicates the absence of rickets.
*Determinations made on the dried, fat-free femurs. *In these cases the CaCCX,of diet St was replaced by an equivalent amount of calcium lactate. malic, malonic and succinie acids, and their sodium salts were used, the diet still produced rickets, as evidenced by both x-ray and histologie examination, and the blood serum showed the findings characteristic of low phosphorus rickets. Al though the acid-base content of the diet is important, for, only in the presence of the acid and its salt are the citrates effective in rickets prevention, the results obtained with citrates and tartrates must be due to their specific properties and not to their acid-base effect alone.
at PENNSYLVANIA STATE UNIV PATERNO LIBRARY on March 5, 2014 jn.nutrition.org DISCUSSION Schloss ('17) objected to the acid theory of rickets, on the basis that acid ingestion leads to osteoporosis and not to rickets, and second that alkali administration does not heal rickets. For experimental rickets these objections are no longer valid.
From the data presented it is clear that the acid-base con tent of the diet is important in the etiology of experimental rickets in rats. In our previous experiments (Shohl et al., '32 ) the diets chosen for study were so near the border line that they should not strictly be classed as either rachitogenic or non-rachitogenic.
With neutral diets a mild healing type of the condition was present.
Under these conditions acid diets intensified rickets and alkaline diets prevented or cured it. Similarly Morgan ( '34) showed that acid diets intensified the degree of rickets in dogs. However, the exact effect of alkali is not clear from her data. In any event the basal diet apparently was not only rachitogenic, but sufficiently so that with the amount of cod liver oil she used it was not clear that healing took place. So far as we are aware, we produce here the first clear evidence that changes in acid-base alone can convert a non-rickets producing diet into a rickets pro ducing diet or vice versa. Moreover the result is definite, not for a single diet but for all types of diet in which calcium and phosphorus are the main variables.
That the addition of NH4C1 alone produces rickets indicates that the Hamilton thesis, that alkaline reaction in the in testinal tract is a necessary factor, has not been confirmed. That (NH4)2C03 enhances the effect is, however, evidence that the alkaline reaction is a supporting factor.
It is further clear that the combination of acid reaction with alkaline ash is not alone responsible for rickets pre vention in diets which are rachitogenic to this degree because it is effective only when tartrates or citrates are used. From our study of the citrates, however, it is shown that neither an acid reaction, nor an alkaline ash alone is sufficient and that both are necessary to prevent rickets in these diets. That orange juice increased the retentions of Ca, P, Mg and N in children was shown by Chaney and Blunt ( '25). The beneficial effect was attributed to the citric acid-alkaline citrate. The significance of these findings as applied to rickets was empha sized by Querido ('35).
Morris and MacRae ( '32) gave NH4C1 to infants with heal ing (?) rickets plus tetany and reported that calcification was not prevented. Acid milk has been used to cure rickets, but unless the acid is in too great an excess this should simulate the conditions of increased acid reaction in the ingested food and a mineral residue which is still alkaline. However, Hess and Matzner ( '24) stated that acid milk did not cure rickets. Zucker's ('22) original experiments showed that acid added to the diet rendered it less rickets producing. However, he informed the author personally that unpublished data showed that when the acid was increased beyond the neutral point the degree of rickets was then again increased.
In the present study, the diets used varied in acidity as shown in table 2. Those with the most CaC03 were most alkaline and those with KH2P04 were most acid. It can be argued that the experimental diets should all be neutral. Such a plan was devised by the use of acid and alkaline phosphate mixtures, and of CaC03-CaCl2 mixtures.
The reasons why such diets were not used were discussed in the previous paper (Shohl, '36) . Such a regime might give a different curve for the border line of rickets production, but a new set of variables thus introduced would prevent comparison with our previous results.
However, our present conclusions would not be altered, but could only be more exactly defined because the effect was shown with acid and alkaline as well as neutral diets.
From the per cent ash one cannot differentiate between osteoporosis and rickets; the value becomes a comparative measure only when the lesions are known to be similarâ€"i.e., by histologie examination. This is obvious from inspection of the data on the animals fed lactates and tartrates, shown in table 3. The bones of the former showed a greater per cent of ash than the latter, but the animals receiving lactates had rickets and those receiving tartrates had none.
Because no light has been thrown on the mechanism of rickets production or prevention by either growth or blood studies it seems that metabolic studies are necessary to de termine how these results are brought about, and how the metabolism of Ca and P are altered. In light of the wellknown property of citrate solutions to form complex calcium ions, as demonstrated by Hastings et al. ('34) an attractive field for further investigation is suggested.
By the addition of salt mixtures to make diets acid in reaction and alkaline in ash or vice versa the acid-base effects of diets on the production and prevention of rickets have been brought out more clearly than ever before.
Alterations in the Ca and P intake have previously been shown to cure experimental rickets. The addition of citrates, either alone or in conjunction with Ca and P additions with out vitamin D or ultraviolet light, offers a second method for possible therapeutic application to infantile rickets.
SUMMARY AND CONCLUSIONS
The diets used were made to contain eight different ratios of calcium to phosphorus.
In each of these ratios there are zones where rickets were produced when the absolute amounts were low and no rickets when the amounts were increased.
1. a. The addition of NH^Cl-iNHJaCOg mixtures to nonrachitogenic diets, in each of the eight zones, renders them rachitogenic.
Further, the same additions to the rachitogenic diets in each of the eight zones, intensifies the severity of the rickets produced.
b. The NH4C1 is the more important moiety, though the (NH4)2C03 enhances the effect.
2. a. The addition of citric acid-sodium citrate mixtures to rachitogenic diets in each of the eight zones alters them so that they no longer produce rickets.
b. Both the acid reaction and the alkali ash factors are necessary to accomplish this result.
c. In the prevention of rickets, the citrates and tartrates alone, among the organic acids tested, were effective; there fore their action cannot depend entirely upon their acid-base effects.
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